While the hippocampal formation and the prefrontal cortex each have a well-established role in cognitive and mnemonic processes, the extent and manner in which these structures interact to achieve these functions has not been fully delineated. Recent research in rodents compellingly supports the idea that the projection of neurons extending from the CA1 region of the hippocampus and from the subiculum to the prefrontal cortex, referred to here as the H-PFC pathway, is critically involved in aspects of cognition related to executive function and to emotional regulation. Concurrently, it is becoming evident that persons suffering from schizophrenia, depression, and post-traumatic stress disorder display structural anomalies and aberrant functional coupling within the hippocampal-prefrontal circuit. Considering that these disorders involve varying degrees of cognitive impairment and emotional dysregulation, dysfunction in the H-PFC pathway might therefore be the common element of their pathophysiology. This overlap might also be intertwined with the pathway's evident susceptibility to stress and with its relationship to the amygdala. In consequence, the H-PFC pathway is a potentially crucial element of the pathophysiology of several psychiatric diseases, and it offers a specific target for therapeutic intervention, which is consistent with the recent emphasis on reframing psychiatric diseases in terms of brain circuits. & 2012 Elsevier B.V. and ECNP.
Introduction
Rarely is a symptom exclusive to a specific psychiatric disorder. Indeed, seemingly distinct disorders can have overlapping symptoms, which typically vary over time and according to the disease severity. Cognitive impairment, for example, is a major cause of disability in schizophrenia, but also emerges in depression and in anxiety disorders (Elvevag and Goldberg, 2000; Mantella et al., 2007; Porter et al., 2003) . Emotional dysregulation is central to depression and to anxiety disorders, yet it also emerges in schizophrenia (Braga et al., 2005) . There is also substantial comorbidity between these disorders (Braga et al., 2005; Kaufman and Charney, 2000) , and there is abundant evidence for a shared genetic basis, as well as shared risk factors that influence hippocampal-prefrontal interaction (Esslinger et al., 2009; Rasetti et al., 2011) . Recently, the National Institute of Mental Health (NIMH) has made a push to classify mental disorders in relation to dysfunction in the relevant brain circuits (Insel et al., 2010) . Thus, while mental disorders surely have complex pathophysiology, it is possible that the similarity in symptoms is the consequence of disruption in common brain circuits.
The hippocampus and subiculum are implicated in diverse functions, including spatial and contextual processing, memory, and emotional processing (Fanselow and Dong, 2010; O'Mara et al., 2009 ). The prefrontal cortex (PFC) participates in numerous cognitive functions that serve executive function, including working memory, temporal processing, decision making, flexibility and goaloriented behavior (Kesner and Churchwell, 2011) . Recent experimental findings in animals have begun to elucidate the manner in which the hippocampus influences the activation of ensembles of neurons in the PFC during such behaviors. These electrophysiological observations are consistent with a wider body of evidence that implicates hippocampal-prefrontal interaction in aspects of executive functioning. In parallel, the analysis of functional imaging data in people suffering from different psychiatric disorders has revealed marked aberrations in the structure, activation, and functional coupling in the hippocampal-PFC circuit.
A projection of neurons termed the hippocampal-to-PFC pathway (H-PFC pathway) comprises the major efferent anatomical connection from hippocampal formation (defined here as the hippocampus, prosubiculum, and subiculum) to the PFC. The activity of this pathway is highly sensitive to stress, which is a major precipitating factor for symptoms of depression, schizophrenia and anxiety disorders. The pathway also has important interactions with the amygdala, and there is strong evidence in rodents implicating the H-PFC pathway in aspects of executive function and in contextual processing that serves emotional regulation. This article reviews preclinical and clinical evidence to argue that the H-PFC pathway has an important role in functions that appear aberrant in several psychiatric disorders. Namely, we suggest that the pathway transmits information which serves working memory and aspects of learning, as well as contextual processing that lends to recognition memory and emotional regulation. Furthermore, genetic factors and stress can dysregulate these processes and thereby contribute to aberrant functional coupling between the hippocampal formation and PFC, which contributes to the deficits in cognition and emotional regulation that are common to an array of psychiatric disorders.
The H-PFC pathway

Anatomy
While there are many multi-synaptic routes that can transmit signals from the hippocampal formation to the PFC, the H-PFC pathway represents the significant monosynaptic unidirectional projection between the regions (Ongur and Price, 2000) . A direct cortical input originating from the hippocampal formation has been well characterized in rats and monkeys. In rats, the H-PFC pathway originates from the CA1 region of the hippocampus and from the subiculum, with the strongest projections originating from the ventral hippocampus (VH) and subiculum, but also with light projections from the intermediate third of the hippocampus (IH) (Cenquizca and Swanson, 2007; Jay and Witter, 1991) . The fibers course ipsilaterally through the fimbria/fornix system before terminating in the infralimbic (IL), prelimbic (PL), and anterior cingulate (ACC) areas of the PFC (Cenquizca and Swanson, 2007; Hoover and Vertes, 2007; Jay and Witter, 1991) (Figure 1) . A moderately dense projection also extends to the medial, ventrolateral and lateral orbital areas (Jay and Witter, 1991; Swanson, 1981) , and a subpopulation of IH pyramidal cells project to the insular cortex (Verwer et al., 1997) . In monkeys, there are dense projections that originate from the rostral portion of hippocampal CA1, as well as the prosubiculum and subiculum, that project to orbital and medial regions of the PFC (omPFC), including areas 11, 12, 13, 14c, 24, 25, and 32 (Barbas and Blatt, 1995; Cavada et al., 2000; Zhong et al., 2006) (Figure 1 ). Light projections from the dorsolateral PFC (dlPFC) (areas 9 and 46) have also been reported (Barbas and Blatt, 1995; Goldman-Rakic et al., 1984) .
To date, fine details of the H-PFC connectivity in humans is lacking because powerful tract-tracing techniques are highly invasive and cannot be applied (Parker et al., 2002) .
Even so, diffusion tensor imaging (DTI) measurements (which can be used to infer the major axonal projections in the brains of humans and monkeys) indicate that both humans and monkeys have fimbria/fornix fibers terminating in the omPFC (Croxson et al., 2005) . Moreover, DTI measurements in monkeys show that hippocampal lesions produce disruptions in both the fimbria/fornix and in the white matter integrity of the ventromedial PFC (vmPFC) in monkeys (Shamy et al., 2011) . Together, these results are consistent with the idea that the H-PFC pathways are quite similar in humans and monkeys. So, while the precise nature of the human H-PFC pathway's connectivity is unresolved, it clearly resembles other primates (Ongur and Price, 2000) . For this article, the H-PFC pathway refers to the major projection originating in the hippocampal and subicular regions that directly innervates the PFC.
Also, it is helpful to bear in mind that understanding the function of the H-PFC pathway is complicated by crossspecies differences in PFC homology. Indeed, the homology of different PFC regions has been extensively debated (e.g., Conde et al., 1995; Kesner and Churchwell, 2011; Seamans et al., 2008; Uylings et al., 2003) , and there is not a Figure 1 The H-PFC pathway. (A) Drawing of the human brain from the midsagittal perspective showing the hippocampus (yellow), amygdala (lavender), and mPFC (light blue). (B) Schematic showing the general connectivity of the hippocampus, amygdala and PFC in the rat, with the H-PFC pathway projecting from the subiculum and ventral CA1 region of the hippocampus to the PFC. The neuronal connections are unidirectional and glutamatergic. The ventral hippocampus also has bidirectional connections with the amygdala, and the amygdala has bidirectional connections with the PFC. (C) Schematic illustrating the principle target regions in the monkey medial PFC (labeled as Brodmann areas) that are innervated by the H-PFC pathway. (D) Schematic illustrating the principle target regions in the rat medial PFC that are innervated by the H-PFC pathway. Areas receiving heavy innervation are shown in blue. Areas with lighter innervation shown in green. ACC, anterior cingulate cortex; Amy, amygdala; CC, corpus callosum; IL, infralimbic cortex; MO, medial orbital cortex; PL, prelimbic cortex; PFC, prefrontal cortex; VO, ventral orbital cortex. Drawings in (A), (C), and (D) provided by A.E. Fink. Drawings in (C) and (D) adapted by permission from Macmillan Publishers Ltd: from Wallis, (2011) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) universally accepted model for how the rat PFC compares to monkeys and humans. For example, it has been suggested that the rat IL and PL correspond to the omPFC and dlPFC in humans, respectively (Hoover and Vertes, 2007) . Other investigators have likened the IL and PL in rats to the vmPFC (areas 25 and 32) and dorsal anterior cingulate cortex (dACC) in humans (Milad et al., , 2007 . Other investigators have likened IL and PL areas to vmPFC and ACC (areas 12, 13, 14, 24, 25, and 32) (Conde et al., 1995) . Another complicating factor has been that the naming of PFC subregions has been non-uniform (Ongur and Price, 2000) .
Cells, physiology and plasticity
The physiology of the H-PFC pathway has been most extensively investigated in rodents. The pathway consists of excitatory glutamatergic pyramidal neurons that terminate with synaptic connections on both principle neurons (Carr and Sesack, 1996; Jay et al., 1992) and GABAergic interneurons within the PFC (Gabbott et al., 2002; Tierney et al., 2004) . In the PL, terminal fibers mainly innervate layers II-IV and layers V and VI in the ventral and dorsal regions, respectively, and all layers of orbital regions (Jay and Witter, 1991) . Electrical stimulation in the VH produces short-latency AMPA-receptor mediated excitation in the PL region (Jay et al., 1992) , followed by inhibition of pyramidal cells (Degenetais et al., 2003) , and monosynaptic excitation of GABAergic interneurons likely contributes to feedforward inhibition of these pyramidal neurons (Tierney et al., 2004) .
The H-PFC pathway exhibits activity-dependent synaptic plasticity including long-term potentiation (LTP), long-term depression (LTD), and depotentiation (Burette et al., 1997; Jay et al., 1995; Laroche et al., 1990; Romcy-Pereira and Pavlides, 2004; Takita et al., 1999) , and these changes in synaptic efficacy have been shown to be bidirectional (Izaki et al., 2003; Parent et al., 2010) . LTP in the pathway is prevented by NMDA-receptor blockade (Jay et al., 1995) and it is protein kinase A (PKA)-dependent (Gurden et al., 2000) . Dopaminergic synaptic transmission, mediated by D1-type receptors, is a key regulator of plasticity in the pathway (Gurden et al., 2000) , while serotonergic, noradrenergic, and cholinergic neurotransmitter systems are also involved (Lim et al., 2010; Ohashi et al., 2003; Wang and Yuan, 2009) . Plasticity in the pathway is also regulated by metaplastic effects involving other inputs to the PFC. For example, high-frequency stimulation of the basolateral amygdala (BLA), which has reciprocal connections with both the VH and mPFC, prevents the subsequent induction of LTP in the H-PFC pathway (Richter-Levin and Maroun, 2010) .
Understanding the function of the H-PFC pathway
The hippocampal formation and PFC have long been ascribed cognitive and mnemonic roles. The hippocampus is important for long-term memory, contextual and spatial processing, and emotional processing (Fanselow and Dong, 2010; O'Mara et al., 2009 ). The PFC is key for aspects of executive function, including working memory, temporal processing, decision making, flexibility and goal-oriented behavior (Kesner and Churchwell, 2011) . This section describes evidence from experimental animals that demonstrates a relationship between the hippocampus and PFC in some of these functions, with an emphasis on approaches implicating the H-PFC in the functional coupling of the regions.
Working memory
Working memory is a fundamental operation of cognition involving the temporary storage and manipulation of information that is necessary to perform complex tasks. In a typical working memory procedure, the organism must hold information online for a short period of time in order to successfully complete a goal-oriented task, such as the spatial information connected to the location of a food reward that enables maze navigation after a delay.
The PFC (Goldman-Rakic, 1995) and the hippocampus (Sanderson et al., 2008) each participate in working memory function. Direct evidence demonstrating that these brain structures functionally interact during working memory has come from rodent experiments involving asymmetric pathway disconnection methods (also called ''crossed lesions''). This technique involves compromising the H-PFC pathway bilaterally by disrupting the hippocampus/subiculum region in one hemisphere and the PFC in the other. By comparing these animals to unilateral controls, it is possible to test whether the simultaneous functioning of the two structures within the same brain hemisphere is necessary for behavioral performance. The rational for this approach relies on the fact that the H-PFC pathway is largely ipsilateral, and that the pathways in each brain hemisphere serve redundant function.
In a now classic study, Floresco et al. (1997) disconnected the hippocampus and mPFC (centered in the PL) with lidocaine inactivation during both a delayed and a nondelayed version of a win-shift radial arm maze task, in which successful foraging behavior involved visiting the previously unvisited arms of a maze to find food. Disconnection disrupted performance in the delayed condition, but not in the non-delayed condition. These findings indicate the hippocampus and mPFC interact in working memory and in aspects of planning (Floresco et al., 1997) , perhaps especially in situations with increased task demand (Goto and Grace, 2008a) . They also strongly suggest that the H-PFC pathway serves trial-unique short-term memory.
The VH and mPFC also have displayed synchronous activity (increased theta-oscillation synchrony) during spatial working memory performance (Benchenane et al., 2010; Fujisawa and Buzsaki, 2011; Jones and Wilson, 2005) , as well as phase-locking behavior, wherein hippocampal theta activity slightly preceded the activity of PFC neurons (Siapas et al., 2005) . This synchrony was observed to be maximal at a 50 ms delay, which suggests, but does not prove, that the monosynaptic H-PFC pathway plays an important role in entraining PFC neurons to hippocampal theta (Siapas et al., 2005) . Overall, these observations support the view that the H-PFC pathway might be critical for the transfer or sharing of information between the hippocampus and PFC, including information that serves spatial working memory (Engel et al., 1999; Gordon, 2011; Singer, 1999) .
Goal-oriented reward learning
In a reward learning procedure organisms learn to perform a defined response in order to gain access to a reinforcer, such as a food pellet, and successful performance involves aspects of cognition and motivation. Many variations of working memory tasks involve reward learning, and various evidence supports the view that the hippocampus and mPFC interact during reward learning. For example, rats given neonatal VH lesions subsequently displayed neuronal hyperactivity in the PFC in adulthood. They were also slower to adjust their behavior after the location of a food reward had changed position, which likely reflects a deficit in cognitive flexibility (Gruber et al., 2010) . Similarly, VH lesions disrupted the occurrence of anticipatory firing patterns observed in mPFC neurons during a reward task (Burton et al., 2009) . Also, asymmetric pathway disconnection has been reported to impair the acquisition in a reward learning task (Izaki et al., 2000) .
A particularly compelling example for the functional interaction between the hippocampus and mPFC during reward learning has been provided by Benchenane et al. (2010) , who conducted simultaneous recordings of neuron pairs in the hippocampus and mPFC during a rule learning maze task. First, they observed that the coherence of hippocampal and PFC theta-oscillations was maximal when a rat had acquired a new learning rule and when it was at the choice point of a maze. Second, these increases in coherence were accompanied by shifts in PFC neuron firing, which were manifested by increased synchrony of ensembles of PFC neurons at the trough of the hippocampal theta rhythm. Strikingly, these PFC cell assemblies synchronized in relation to accurate behavioral performance. As was the case for the spatial working memory (Jones and Wilson, 2005) , these findings are consistent with the idea that the H-PFC pathway is critically involved with the information transfer occurring in acquisition of new learning rules related to goal-oriented reward learning.
Recognition memory involving spatial or temporal context
Recognition memory involves making judgments and identifying previously encountered stimuli and it is a component of cognition. Recognizing whether an object has previously been encountered within a specific context (object-inplace) and identifying which object has been encountered more recently (temporal-order) are two complex types of recognition memory. Rodents with asymmetric disconnection lesions in hippocampus and PFC have shown impairments in these forms of recognition memory, which implicates the H-PFC pathway in recognition memory that involves contextual and temporal details for where or when the stimulus occurred (Barker and Warburton, 2011).
Contextual regulation of fear
Anticipating potential danger and inhibiting fear when threat has diminished are two highly adaptive functions linked to emotional regulation. These processes have been extensively investigated with fear conditioning and extinction procedures (Fanselow and Poulos, 2005; Herry et al., 2010; Johansen et al., 2011; Maren, 2001; Milad and Quirk, 2012) . Generally, organisms show defensive behaviors when they encounter a stimulus that signals danger, such as freezing in response to a tone that had been previously paired with a footshock. They can also learn subsequently to inhibit this fear responding when the tone is repeatedly presented without the aversive outcome.
The amygdala has a principal role in fear learning and expression, it is also vital for organizing both motor and autonomic defensive responses (Hartley and Phelps, 2010; Johansen et al., 2010; Maren, 2001) , and it has a role in extinction processes (Herry et al., 2008) . In the last decade, a multitude of research on fear extinction has demonstrated that the interaction between the amygdala and PFC is critical for extinction processes (Milad and Quirk, 2012; Sotres-Bayon and Quirk, 2010) . Generally, the IL region of the mPFC appears important for extinction learning and recall. Evidence supporting this idea includes that IL neurons show increased spiking during the recall of extinction learning and electrical stimulation of the IL generates extinction-like effects (Milad and Quirk, 2002) , while the disruption of IL targets in the amygdala prevents extinction recall (Falls et al., 1992; Likhtik et al., 2008) . Sotres-Bayon and Quirk (2010) also have emphasized that activity in the PL correlates with fear expression. This view is supported by the observations that electrical stimulation of the PL increases fear behavior (Vidal-Gonzalez et al., 2006) , its chemical inactivation decreases fear behavior (Corcoran and Quirk, 2007a) , and PL neurons show long duration conditional responses to fear stimuli that correlate with the behavior (Burgos-Robles et al., 2009) . Even so, it has also been suggested that the PL might be involved with aspects of contextual memory retrieval (Knapska and Maren, 2009; Orsini et al., 2011) . Given the apparent differential roles of these regions in fear processing, it is interesting that the H-PFC pathway projects to both the IL and PL. At present, the contribution of the pathway to these different functions in not well delineated. Direct evidence supporting the pathway's role in extinction includes the observations that fear extinction training led to a potentiation in evoked potentials recorded in the PFC, while LFS delivered to the VH both disrupted the potentiation and prevented extinction recall (Garcia et al., 2008) . Sotres-Bayon et al. have also recently demonstrated that chemical inactivation of the VH decreased the activity of interneurons in the PL. Moreover, VH inactivation selectivity increased fear behavior and PL pyramidal neuron activity in fear extinguished rats, compared to nonextinguished animals (Sotres-Bayon et al., 2012) . Collectively, these data support the model that the H-PFC pathway regulates PFC activity and function by modulating interneuron-mediated inhibition of pyramidal neurons in the PL.
The hippocampus has a crucial role in contextual processing (Fanselow, 2000) , and neurons in the mPFC also can discriminate between different contexts (Hyman et al., 2012 ). An important property of fear extinction is that fear inhibition is context dependent, with organisms showing more effective fear inhibition in the extinction context (the physical environment in which extinction training was conducted) (Bouton et al., 2006) . This context-specific expression of fear is referred to as fear renewal with organisms showing ''renewed'' fear to an extinguished fear cue when it is presented outside the extinction context. Inactivation of the VH (Hobin et al., 2006) and asymmetric disconnection lesions of the H-PFC pathway (with unilateral lesions targeting the VH in one hemisphere and the PL in the other) (Orsini et al., 2011) have been shown to disrupt fear renewal. These and other observations support the idea that the H-PFC pathway is critically involved with contextspecific gating of extinction (Corcoran and Quirk, 2007b; Ji and Maren, 2007) whereby the pathway might transmit contextual information from the hippocampus to the PFC, which allows a rat to assess the degree of danger to an extinguished fear stimulus. Such signaling could serve to inform the mPFC as to whether it should inhibit fear responding via the amygdala.
Finally, it is also worth noting that the hippocampus and PFC show increased theta-frequency coherence in anxiogenic environments (Adhikari et al., 2010) . Also, PFC neurons exhibiting high task-related activity have also been observed to display the strongest coupling with hippocampal theta (Adhikari et al., 2011) . Thus, similar to the examples of working memory and reward learning, the H-PFC pathway might mediate increases in synchrony between the hippocampus and PFC that serve emotional processing related to fear and anxiety.
The H-PFC pathway and the broader corticolimbic network
In the previous section we argued that the H-PFC pathway serves working memory, learning, and contextual processing that lends to recognition memory and emotional regulation. The neuronal mechanism serving these functions is not yet clear, but it could depend on (a) the pathway's regulation of the PFC via interneuron-mediated inhibition of pyramidal neurons in the PL (Sotres-Bayon et al., 2012), (b) the pathway's entrainment of PFC neurons to hippocampal theta (Benchenane et al., 2010) , and/or (c) synaptic plasticity (Garcia et al., 2008; Jay et al., 1995) . Yet, the PFC also receives inputs from widespread brain regions, including the thalamus, amygdala, and nucleus accumbens (NA) (Hoover and Vertes, 2007) . As connectivity is a key determinant of functional relationships in the brain, it is also important to consider the H-PFC's role in the broader corticolimbic network.
Both the hippocampus and mPFC are reciprocally connected with the amygdala. Some neurons in the VH project to both the BLA and mPFC (Ishikawa and Nakamura, 2006) , and single neurons in the mPFC receive convergent input from both the BLA and VH (Ishikawa and Nakamura, 2003) . Manipulations of the BLA also produce metaplasticity that influences LTP in the H-PFC pathway (Richter-Levin and Maroun, 2010) , and the timing of activation of the VH and BLA has a strong influence on the firing probability of mPFC neurons (Ishikawa and Nakamura, 2003) . Together, these anatomical and physiological features are consistent with a wide range of data demonstrating that the functions of these three brain regions are intertwined (e.g., Kalisch et al., 2006; Milad et al., 2007; Orsini et al., 2011; SotresBayon and Quirk, 2010; Sotres-Bayon et al., 2012) . One idea has been that the hippocampus provides contextual information that informs the mPFC's inhibitory control over the amygdala (Corcoran and Quirk, 2007b; Ji and Maren, 2007) . Emotional dysfunctions are at the core of major depression and PTSD, while schizophrenia is strongly associated with deficits in emotional cognition (Brown et al., 2012; Liberzon and Sripada, 2008; Mayberg, 1997) . Overall, given the amygdala's prominent role in emotional processing, it might be that the interrelation of the H-PFC pathway and amygdala provides a unique interface that unites aspects of cognition, memory, and executive function with elements of emotional regulation (Figure 3) .
Much progress has been made with understanding the functional interrelations between the VH, PFC, and NA in the context of goal-directed behavior. Inputs from the VH and PFC converge on single neurons in the NA (French and Totterdell, 2002) , which provides the edifice for synaptic integration that might serve to gate the occurrence of goaldirected behavior (Goto and Grace, 2008b; O'Donnell and Grace, 1995) . According to this view, the coincident activation of inputs to the NA drives goal-directed behaviors, and the learning and synaptic plasticity that occur with experience increase the probability that an organism will perform a well-learned response pattern. Dopamine action also has a potent neuromodulatory actions on glutamatergic afferents to the NA (Grace et al., 2007) . Thus, dopamine critically influences synaptic integration in the NA and dysregulation of this network has implications for both the pathophysiology of drug addiction and schizophrenia (Belujon and Grace, 2011; Goto and Grace, 2008b; Grace et al., 2007; Li and Sinha, 2008; Lodge and Grace, 2011) .
Significant progress has also been made with elucidating the network serving probabilistic choice behavior. Using a combination of behavioral, neuroanatomical, and asymmetric disconnection techniques, Floresco et al. have contrasted the role of the PFC, NA and BLA in risky choices, in situations where rats can choose between a large, yet uncertain reward contingency and a small, but certain reward contingency. Disruption of the BLA, the NA core (NAc), or disruption of their ability to communicate reduced the bias for choosing the large, risky option (Ghods-Sharifi et al., 2009; St Onge et al., 2012; Stopper and Floresco, 2011) . In contrast, disrupting communication between the BLA and PFC increased the selection of large, risky rewards (St Onge et al., 2012) . Further, bearing in mind that the PFC and BLA have bidirectional connections, these authors also contrasted the effects of the ascending and descending pathways between the regions. Only disruption of the descending pathway (PFC-to-BLA) increased choice for large, risky rewards. Overall, these findings suggest that the BLA and NAc participate in an organism's bias for risky options, while PFC-BLA pathway tracks actions and outcomes, and regulates the tendency to select risky rewards. These results also demonstrate how it is possible to dissociate different aspects of decision making within the interconnected circuits (St Onge et al., 2012).
Artigas' group has emphasized the importance of the thalamo-PFC coupling in the action of antipsychotic drugs (Artigas, 2010; Celada et al., 2008) .The NMDA antagonist phencyclidine (PCP), which is administered to model schizophrenia, reduced delta oscillations between these structures, an effect that is reversed by clozapine. PCP also markedly increased c-fos expression in glutamatergic neurons within prefrontal, somatosensory, retrosplenial, entorhinal cortices and in thalamic nuclei (Santana et al., 2011) . Additionally, both chemical inhibition of the thalamus and systemic treatment with the NMDA receptor antagonist MK801 produced similar modulations of oscillatory activity between the structures (Kiss et al., 2011) , while administration of the AMPAkine LY451395 reversed these changes.
While these examples incompletely describe the known functions of the broader cortical limbic network, they do demonstrate that different functions within the network are dissociable. In our analysis, the H-PFC pathway serves working memory, learning, and contextual processing that lends to recognition memory and emotional regulation. We do not regard these to be the pathway's exclusive functions, nor do contend that the pathway is isolated from the broader network. Instead, we argue that the pathway is especially important for these functions, similar in the way that the amygdala is considered to have a chief role in emotional processing. Further below we will describe what is known about the H-PFC pathway's susceptibility to stress. In our view, the H-PFC might be regarded as the ''weak link'' in the corticolimbic network owing to this vulnerability. Alternatively, it could be that different brain regions have fundamentally different responses to stress (Caudal et al., 2010; Lakshminarasimhan and Chattarji, 2012; Vyas et al., 2002) , and the disruptions in synaptic plasticity observed in the PFC after stress are part of a larger shift in network dynamics, which suggests that targeting of circuit imbalances will be critical for the development of therapeutic strategies.
Evidence for a functional relationship between the hippocampus and prefrontal cortex in humans
Much of our understanding of the H-PFC pathway in animals comes from highly invasive experimental methodologies, involving brain lesions and implanted electrodes. Yet, while under normal conditions, single-unit recordings are impossible in humans, occasional direct comparisons can be made between neurophysiological processes in humans and rodents. Recently, Anderson et al. studied theta-oscillation coherence with implanted electrodes in epilepsy patients. They observed increased theta-oscillation coherence between signals measured from electrodes placed in the medial temporal lobe (MTL) and PFC during memory recall (Anderson et al., 2010) . They also reported higher information flow from the MTL to the PFC during memory recall. Bearing in mind that the hippocampal formation is nested within the MTL and that these measurements relied on LFPs, Anderson's results demonstrate synchronous activity between these regions in humans during a memory-relevant task, which nicely fits the results from rats.
In another recent study, EEG analysis of theta-oscillation power was increased in the mPFC during a temporal-order working memory task (Hsieh et al., 2011) . These results are consistent with a wider body of evidence demonstrating working memory impairments in human patients with lesions in the PFC (Muller and Knight, 2006) , including tasks probing for temporal-order information (Shimamura et al., 1990 ) and contextual information (Janowsky et al., 1989) . Also in agreement with animal studies, functional neuroimaging methods have provided evidence for hippocampalprefrontal functional interaction (Figure 2 ). In the case of fear-relevant tasks, humans show coordinated contextdependent hippocampal-prefrontal activity during the recall of fear extinction memory (Kalisch et al., 2006; Milad et al., 2007) (Figure 2B ). The mPFC also has been observed to respond differentially to a cue that signaled safety compared to another safety cue that had previously signaled danger (Schiller et al., 2008) , and both the mPFC and hippocampus showed activation while the participant was anticipating distal threats, compared to proximal threats (Mobbs et al., 2009 ). Together, these findings show the hippocampus-prefrontal regions are engaged in situations that involve emotional regulation related to fear, perhaps especially in ambiguous situations where the assessment of the degree of danger requires the use of spatial or temporal contextual information.
Both the hippocampus and PFC have been implicated in cognitive reappraisal strategies of emotional regulation (Hartley and Phelps, 2010; Hayes et al., 2010) , in which the effortful reappraisal of a negative emotional scene reduces negative affect. Use of such cognitive appraisal with has been correlated with increased activation in the dorsolateral and ventrolateral PFC and decreased activity in the amygdala. Because neither of these regions have direct connections with the amygdala, it has been suggested that they communicate reappraisal information via the mPFC (Hartley and Phelps, 2010) .
Finally, by measuring brain activity during undirected behavior researchers have defined a set of regions that are referred to as the brain's default network. The correlated activity in the default network emerges when a person is not focused on the external environment, but they are instead engaged with spontaneous cognition. During these periods the default network areas have shown a high degree of functional coupling. The hippocampus and mPFC are components of the default network. Thus, they are believed to participate in constructing self-relevant mental simulations that serve a wide array of functions, including remembering, thinking about the future, and inferring the perspectives and thoughts of other people (Buckner et al., 2008) . In essence, the default network provides a measure of normal brain activation during self-relevant thinking. That the hippocampus and mPFC show functional coupling at rest suggests they mutually contribute to a wide array of cognitive processes, which are perturbed in several psychiatric diseases (see below).
Modeling pathophysiology in the H-PFC pathway
Psychological stress is an influential modulator of human health and chronic or traumatic stressors can precipitate psychiatric symptoms (Corcoran et al., 2003; Lopez et al., 1999) . There is currently strong momentum within the neuroscience community to elucidate the pathophysiology of these problems within specific brain circuits (Insel et al., 2010; Ressler and Mayberg, 2007) , and the influence of stress on neuroplasticity has become an important approach for modeling pathophysiology (Pittenger and Duman, 2008) .
Exposure to psychological stress causes short, medium, and long term changes within the hippocampus and mPFC, with both the intensity and duration of stress being key variables. For example, single exposures to mild or moderate stressors can modulate synaptic plasticity (Rocher et al., 2004) and memory performance (Yuen et al., 2009) , whereas more potent and/or chronic stressors have been shown to trigger dendritic remodeling (Pittenger and Duman, 2008) , neuron atrophy (Cerqueira et al., 2007; Sheline et al., 1996) , as well as reversible disruptions in PFC processing and attentional control (Liston et al., 2009) .
Our group has used stress to model the pathophysiology of psychiatric disorders within the H-PFC pathway (Spedding et al., 2005) (Figure 4 ). In this model a rat undergoes acute exposure to an elevated platform. Afterwards the effects of stress exposure are analyzed in the hippocampus, mPFC and amygdala. The explicit logic of this approach holds that the mechanisms by which stress disrupts plasticity in these brain regions is relevant for understanding how stress contributes to the pathophysiology of psychiatric disorders. In combination with knowledge about transmitter pathways, the approach is well suited to the discovery of pharmacological agents that reverse stress effects, by studying plasticity after stress
The validity of this model is supported by observations from rodent experiments showing that plasticity in the pathway interacts with stress in a manner that influences Figure 2 Examples of putative hippocampal-prefrontal functional interaction in humans (A) Participants in a prospective functional magnetic resonance imaging study of declarative memory consolidation were asked to memorize a collection of photographs of various landscapes. Recognition of these photographs was then probed during test sessions conducted the same day, 1 day, 1 month, or 3 months later. Patterns of brain activation show an increase in mPFC activity and a decline in hippocampal activity associated with confident recall of visual recognition memory (Takashima et al., 2006) . (B) Participants in a fear extinction study show a strong correlation between the activation of the mPFC and the hippocampus during the context-dependent recall of extinction memory (Kalisch et al., 2006) . (C) Decreased cerebral glucose metabolism in the mPFC of depressed patients following placebo challenge (Kegeles et al., 2003) . (D) Decreased cerebral blood flow in Cg25 following SSRI treatment (Mayberg et al., 1999) . (E) Decreased cerebral blood flow in the Cg25 region following a 6 month regimen of deep brain stimulation of the white matter underlying Cg25 in patients with treatment-resistant depression (Mayberg et al., 2005) behavior. For example, extinction training potentiated the H-PFC pathway and disruption of this potentiation prevented the recall of extinction memory (Garcia et al., 2008) . These disruptions of plasticity and behavior were induced either by electrical stimulation of the pathway after extinction, or with exposure to chronic mild stress. Similarly, early exposure to stress (at three weeks after birth) prevented extinction-induced potentiation in the pathway in adult animals, while administration of the partial NMDA receptor agonist D-cycloserine near the time of extinction ameliorated the stress-induced disruption in potentiation (Judo et al., 2010) . Together, these observations suggest LTP-like responses in the H-PFC pathway are associated with fear extinction, and that stress disrupts this plasticity.
Our research has employed behavioral, biochemical, and in vivo electrophysiological techniques to study the H-PFC pathway. Acute behavioral stress disrupted the induction of LTP in the H-PFC pathway in anesthetized rats, and this effect was reversed by treatment with antidepressants (Qi et al., 2009; Rocher et al., 2004) and with glucocorticoid receptor antagonists (Mailliet et al., 2008) . The disruption in plasticity was also reversed by clozapine (Dupin et al., 2006) , and this restoration of plasticity occurred at the dose most effective in restoring hippocampal-PFC coherence (Sebban et al., 1999) . Chronic stress caused atrophy in mPFC neurons, disrupted LTP in the pathway, and also disrupted working memory and behavioral flexibility (Cerqueira et al., 2007) . At the molecular level, acute exposure to elevated platform stress caused region-and subunit-specific changes in the phosphorylation of glutamatergic receptors (Caudal et al., 2010) . Acute stress also downregulated the MEK/MAPK signal cascade and BDNF levels, and both these effects were reversed by antidepressants (Qi et al., 2009) . These findings implicate the MAPK pathway in the interaction of stress and depression, as well as antidepressant effects (Gourley et al., 2008) . Together, this profile of findings demonstrates the H-PFC pathway is highly sensitive to stress, an effect consistent with findings from a number of labs, namely that the hippocampus, mPFC, and amygdala all play critical roles in the brain's stress response (McEwen, 2007) .
In the broader context, decades of research suggests that altered neuromodulatory drive is a key underpinning of psychiatry disorders. The H-PFC pathway comprises a glutamatergic projection that synapses with both pyramidal neurons and GABAergic neurons in the PFC (Carr and Sesack, 1996; Gabbott et al., 2002; Jay et al., 1992; Tierney et al., 2004) . Dopamine levels increase in the PFC during working memory tasks and pharmacological blockade, especially with D1 antagonists, impairs performance of working memory (Seamans and Yang, 2004 ). Similarly, plasticity in H-PFC pathway is strongly influenced by dopamine, particularly through D1 receptors (Gurden et al., 2000 (Gurden et al., , 1999 . Dopamine can have biphasic effects on inhibitory currents in PFC neurons (Seamans and Yang, 2004 ) and the activation of D1 receptors in the PFC increases interneuron excitability (Gorelova et al., 2002) . Administration of dopamine to the PFC also increases hippocampal-prefrontal coherence Figure 4 Stress disrupts neural plasticity in the H-PFC pathway. (A) A rat undergoes the elevated platform stress procedure. (B) Exposure to elevated platform stress disrupts the subsequent induction of long-term potentiation measured in the H-PFC pathway. Neuronal plasticity was evoked by high-frequency tetanic stimulation of the ventral hippocampus while evoked field potentials were recorded in the prelimbic cortex in an anesthetized rat during a thirty minute baseline period and a 120 min posttetanus period. Adapted from Rocher et al. (2004) . (C) The H-PFC pathway in the rat represented as the bundle of neurons extending from the ventral CA1 region of the hippocampus/subiculum (lower brain drawing) to the prelimbic cortex (upper brain drawing). Drawings provided by A.E. Fink. Figure 3 Diagram representing the interconnectivity of the corticolimbic network and its downstream effectors linked to amygdala output. Stress is hypothesized to dysregulate the normal functions of the system. Because the amygdala and hippocampus are known to be involved in emotional and contextual memory processing, stress likely contributes to the dysregulation of these functions. (Benchenane et al., 2010) . Taken as a whole, it seems probable that normal hippocampal-prefrontal interaction, and hence PFC function, depends greatly on the interaction between dopaminergic, glutamatergic, and GABAergic processes, which normally serve to balance excitation and inhibition in the PFC, but can become dysregulated in psychiatric disorders Lewis et al., 2012). 7. Evidence for hippocampal and prefrontal pathophysiology in psychiatric disorders 7.1. Schizophrenia
Cognitive impairment is a major cause of disability in schizophrenia and there is abundant evidence of hippocampal and prefrontal abnormalities in the disease (Barch, 2005) . For example, differences in hippocampal volume measured between monozygotic twins discordant for schizophrenia correlated with prefrontal activation during a cognitive task that required working memory (Weinberger et al., 1992) . Likewise, recent observations have shown that structural anomalies in the anterior hippocampus and cortical thinning in the PFC are associated with symptom severity (Qiu et al., 2009) , and patients with schizophrenia show decreased white matter integrity in the hippocampus, PFC, and ACC (Hao et al., 2009) , as well as decreased fornix volume (Zhou et al., 2008) . DTI measurements have also revealed abnormalities in the fornix (Kubicki et al., 2005) . Such fornix alteration has also been linked to exaggerated self certainty, which is a behavioral tendency exhibited by some patients with schizophrenia (Buchy et al., 2012) .
Furthermore, patients with schizophrenia have shown aberrant functional coupling between the hippocampus and mPFC during rest, i.e. in the default network (Zhou et al., 2008) , as well as during working memory (MeyerLindenberg et al., 2005; Wolf et al., 2009) . Also, patients displayed abnormal activation in the hippocampus and mPFC that correlated with the severity for paranoia (Goghari et al., 2010) . Even healthy carriers of singlenucleotide polymorphism rs1344706 (a gene dosagedependent risk factor for the disease) exhibited alterations in functional coupling between the dlPFC and the hippocampus (Esslinger et al., 2009) . Importantly, aberrant functional coupling between the hippocampus and PFC has been observed in both first-episode patients and persons at risk for psychosis (Benetti et al., 2009) implying that the deficits are not a consequence of chronic illness or antipsychotic treatment, but instead might indicate vulnerability to the disease. Together, these irregularities in default network activity are consistent with the idea that the abnormal functional interaction between the hippocampus and mPFC contribute to cognitive impairment in schizophrenia.
Also, it has recently been reported that although many schizophrenic patients displayed minimal levels of emotional responding to a conditioned fear cue, on average, responder patients (patients that did acquire fear responses from conditioning) exhibited larger-magnitude emotional responses compared to healthy controls. Importantly, these responder patients displayed normal extinction learning, but impaired context-dependent recall of extinction (Holt et al., 2009 ). These results demonstrate that patients with schizophrenia have deficits in emotional regulation that likely depend on the functioning of the hippocampus and mPFC (Kalisch et al., 2006; Milad et al., 2007) . Such dysregulation could contribute to delusions and psychosis. Indeed, hippocampal hyperactivity appears to have a role in the pathophysiology of schizophrenia (Bast, 2011; Lodge and Grace, 2011) , whereby hippocampal hyperactivity might lead to aberrant synaptic integration and dopaminergic dysfunction in the NA, which in turn influences the PFC function.
Finally, good evidence demonstrates that patients with schizophrenia display abnormal neural oscillations and synchrony, and these disruptions might be central to the pathophysiology of schizophrenia (Uhlhaas and Singer, 2010) . For example, schizophrenic patients displayed aberrant taskrelated modulation of theta rhythms in the frontal lobe during a working memory task (Schmiedt et al., 2005) . Animal models of schizophrenia also link aberrant hippocampal-prefrontal synchrony to the pathophysiology. In one recent study, rats exposed to maternal immune activation (MIA) during the gestation period, which is a neurodevelopmental model of schizophrenia, displayed decreased theta-coherence between the hippocampus and mPFC, and this deficit was reversed by the antipsychotic drug clozapine in a dose-dependent manner (Dickerson et al., 2012) . Also, cannabinoid signaling appears to be important for coordinating hippocampal-prefrontal coherence in rats (Kucewicz et al., 2011) by influencing the shortterm temporal dynamics of hippocampal neurons (Robbe et al., 2006) . Because cannabis use is a risk factor for schizophrenia (Moore et al., 2007) , it is tempting to speculate that the interrelation of cannabis and schizophrenia might be mediated via the H-PFC pathway.
Major depression
Ample evidence also links major depression with structural changes and pathophysiology in the hippocampus and PFC. Patients often display decreased hippocampal volume (Sheline et al., 1996) , as well as abnormal blood flow in the mPFC (Drevets et al., 1997) . Similarly, patients who had experienced emotional neglect during childhood, and that had either a smaller hippocampus or PFC volume, have displayed extended cumulative illness duration (Frodl et al., 2010) . Depression has also been linked to cognitive impairment, including in working memory (Andrews and Thomson, 2009) .
Much research has focused the subgenual anterior cingulate (Cg25) because this region has been linked to both the manifestation and treatment of depression. This area shows elevated activity during depression and in normal sadness, as well as decreased activity with treatment responses to a serotonin reuptake inhibitor and to placebo (Ressler and Mayberg, 2007) (Figure 2) . Significantly, chronic deep brain stimulation centered on white matters fibers near Cg25 has been shown to be effective in reducing depressive symptoms in treatment-resistant patients (Mayberg et al., 2005) . Also, a metanalysis that used functional imaging data to model the strength of brain connectivity revealed that antidepressant-responsive patients show differences in hippocampus-Cg25 connectivity compared with drug nonresponders. Thus, differences in the H-PFC pathway might be useful for understanding treatment-response interactions (Seminowicz et al., 2004) . Finally, owing to an association with the 5 0 promoter polymorphism of the serotonin transporter gene, decreased gray matter volume in Cg25 might be a risk factor for depression (Pezawas et al., 2005) .
Patients with major depression also have shown increased resting state functional connectivity between hippocampal and frontal regions (Goveas et al., 2011) . The circuit also displayed abnormal activation during the processing of negative-valence stimuli, consistent with the hypothesis that it is key to negative mood (Sheline et al., 2009 ).
Post-traumatic stress disorder
Pathological memories stemming from traumatic experiences contribute to debilitating clinical conditions, such as generalized anxiety disorder, phobia, panic disorder and post-traumatic stress disorder (PTSD) (McNally, 1997) . PTSD patients often display abnormally small hippocampal, amygdala, and ACC volumes (Karl et al., 2006) , while neuroimaging data indicate that PTSD patients consistently show abnormal activity within the hippocampus and mPFC during fear-relevant tasks (Hartley and Phelps, 2010; Jovanovic and Ressler, 2010; Liberzon and Sripada, 2008) . For example, PTSD patients displayed decreased activation in the hippocampus and mPFC and elevated activation in dACC during extinction . These findings support the idea that disruption of contextual processing contributes to the exaggerated emotional responding observed in patients with anxiety disorders (Liberzon and Sripada, 2008) . The results of a recent longitudinal study (which scanned persons shortly after trauma and 6-9 months later) show that activity in the amygdala and mPFC correlated with current symptom severity, while activational changes occurring in the hippocampus and subgenual ACC (sgACC; which is akin to Cg25) across the two scans correlated with recovery (Dickie et al., 2011) . In another longitudinal study using healthy soldiers, increases in symptoms of stress over time correlated with weaker changes in functional coupling between the hippocampus and the mPFC (Admon et al., 2009) . With the hippocampus and mPFC being implicated in both contextual processing and fear extinction, it may be that hippocampalprefrontal pathway is particularly important for understanding fear relapse after therapy. Indeed, aberrant functioning in the hippocampus and mPFC may be the culprit for a failure to recover from trauma (Yehuda and LeDoux, 2007) . Finally, it has recently been reported that men with PTSD show resting state abnormalities in functional coupling between the amygdala and the ACC, as well as the amygdala and the hippocampus (Sripada et al., 2012) . To our knowledge, resting state analysis between the hippocampus and mPFC in persons with PTSD has not been conducted. Even so, the existing findings resemble the results from animals, which have shown that the amygdala, hippocampus, and mPFC interact in emotional regulation, and abnormalities in this system are central to the pathophysiology of PTSD.
Conclusion
The H-PFC projection is the major monosynaptic input to the PFC originating in the hippocampal formation. While its exact functions remain unsettled, data from rodent and human experiments strongly implicate the pathway in fundamental cognitive processes (e.g., working memory, learning) and in contextually-dependent emotional regulation (fear extinction). Patients suffering from schizophrenia, major depression, and PTSD show cognitive impairment and emotional dysregulation, just as they show a range of anatomical and electrophysiological abnormalities in these regions. From these observations, we contend that disruption in the H-PFC pathway might be the common element of pathophysiology in these diverse disorders, and it might therefore underlie the curious overlap of symptoms among these otherwise disparate conditions ( Figure 5 ). Because stress can precipitate psychiatric symptoms, our analysis is consistent with the pathway's evident susceptibility to stress. It is also in agreement with the reframing of diseases in terms of brain circuits, and not merely by their symptoms.
One implication of this analysis is that the H-PFC pathway is an important therapeutic target. Encouragingly, many investigators world-wide are adopting the emphasis of circuit-based classification of psychiatric problems. For example, dysfunctional coupling in H-PFC and thalamo-PFC pathways are major targets for IMI-Newmeds (a European Union initiative comprised of academic and industrial partners), which is developing circuit-based analysis of drug discovery (Hughes, 2009) .
Our viewpoint also provides a framework for reconsidering disputes in the interpretation of existing data. For example, 22q11.2 is a chromosomal microdeletion that is associated with a high risk of cognitive impairment and schizophrenia ). It's also likely that abnormal neural oscillations and synchrony have an important role in the pathophysiology of schizophrenia (Uhlhaas and Singer, 2010) . Consistent with this view, recent work with mutant Df(16)A7mice (which models 22q11.2 Figure 5 Schematic representation describing the convergence of H-PFC pathway pathophysiology in multiple psychiatric disorders. Schizophrenia, major depression, and PTSD have diverse symptoms and pathophysiology, yet they appear to share pathophysiology in the H-PFC pathway, which could underlie the common symptoms of cognitive impairment and emotional dysregulation. deletion) demonstrated the genotype was associated with cognitive deficits and with an impairment of hippocampal-PFC coherence (Sigurdsson et al., 2010) . Despite these and other data, the specificity for the association between 22q11.2 deletion and schizophrenia has recently been challenged (Baker and Vorstman, 2012) . These authors point out that many persons with the 22q11.2 genotype are not considered schizophrenic, but they do suffer from pronounced cognitive and social deficits, as well as from emotional dysregulation. Consequently, these authors question whether 22q11.2 deletion syndrome has a core neuropsychiatric phenotype. In our view, it might be that the 22q11.2 deletion syndromes, including cases classified as schizophrenia, exhibit cognitive impairment, in part, because the deletion compromises H-PFC pathway function. Thus, 22q11.2 deletion syndromes and some cases of schizophrenia have shared pathophysiology in the pathway, which is one important contributing factor to the overall profile of symptoms.
The evidence for changes in the H-PFC circuit in major psychiatric disorders has been reviewed. In essence, we have argued that pathophysiology within this projection of neurons may be key for understanding and ultimately treating several highly debilitating and prevalent psychiatric disorders. With a broader view, unlocking the function of this pathway might inform our understanding of the ability of context to control emotion and fear. That a single exposure to a moderate or traumatic stressor can profoundly alter the H-PFC implies that these circuits are readily plastic and that they are often modified in the normal domain of human experience. Indeed, it has been argued that this pathway might have been crucial for the evolution for fine-grained, accurate and flexible decisionmaking (Kolling et al., 2012; Noakes and Spedding, 2012) .With stress causing differential effects on plasticity and biochemistry in different regions of the corticolimbic network (Caudal et al., 2010; Lakshminarasimhan and Chattarji, 2012; Vyas et al., 2002) , over extended periods of exposure stress might alter the sets points of these pathways. City dwelling affects amygdala and pregenual ACC activity (Lederbogen et al., 2011) , and stressors associated with city living have a marked effect on the incidence of schizophrenia, anxiety disorders, and mood disorders (Kirkbride et al., 2012; Peen et al., 2010) . With the bombardment of stressors that exist in the world the proper regulation of emotion by context is relevant to the very material of societies. Loss of contextual control over amygdala output over long time periods via H-PFC dysfunction might be a central element for the complex symptoms of psychiatric disorders.
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